Introduction
Growing evidence demonstrates an increased incidence and prevalence of atrial fibrillation (AF) (1) . According to its pathogeny, AF can be divided into two categories: pulmonary vein (PV)-related AF and non-PV-related AF. Despite advances in medications and ablation technologies, the efficacy of current strategies for non-PV-related AF is suboptimal, reflecting that an improved understanding of arrhythmia mechanisms is urgently needed (2, 3) . Currently, atrial dilatation, cellular hypertrophy, atrial fibrosis, inflammation, oxidative stress, apoptosis, calcium overload, loss of cell-cell contacts, altered autonomic tone, deposition of amyloid, protein catabolism, ion channel deficiency, posttranscriptional changes, and epigenetic factors are all thought to be involved in the electrophysiological and structural remodeling of AF (4) (5) (6) (7) (8) (9) (10) (11) (12) . However, critical and initial mechanisms of AF are still poorly understood.
Non-coding RNAs (ncRNAs) comprise a class of RNA molecules that do not encode proteins but regulate protein expression (13) , such as microRNAs (miRNAs), Piwi-interacting RNAs, long ncRNAs, circular RNAs (circRNAs), and endogenous siRNAs, and so on. It has been speculated that these ncRNAs are emerging key regulators of gene expression under physiological and pathological conditions (14, 15) . Moreover, emerging data have shown that circRNAs, a novel type of endogenous non-coding RNAs, are involved in the pathophysiology of cardiovascular diseases (16, 17) . However, their expression profile and circRNA-miRNA network in cardiac arrhythmia remains unclear. In the present study, we analyzed and predicted circRNA expression profiles in AF using whole transcriptome resequencing techniques.
Methods
Adult heart sample collection The study was conducted in accordance with the Declaration of Helsinki guidelines. The Institutional Ethics Review Board of our hospital approved the study. Tissue samples were collected from the removed left atrial appendages of nine adult patients with rheumatic heart disease and persistent AF undergoing mitral valve replacement. Control samples of the left atrial appendages were obtained from organ donors with six normal hearts collected at the time of organ procurement with consent provided for research tissue collection. The consent to donate to research was obtained through the Transfer of Tissue Agreement of our institution. Patients with cardiac or pulmonary diseases were excluded from the study (Table 1) . Each sample was preserved in an RNA stabilization reagent (RNA Safety International) and was subsequently stored at −80°C until use.
RNA extraction and qualification
Total RNA was extracted from the atrial samples using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) according to the manufacturer's protocol. RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The samples with an RNA integrity number ≥7 were subjected to the subsequent analysis. Total RNA was quantified by the NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA).
Library preparation and RNA-Seq
The cDNA libraries were constructed using TruSeq Stranded Total RNA with Ribo-Zero Gold according to the manufacturer's instructions. Then, these libraries were sequenced on the Illumina HiSeq X Ten platform, and 150 bp paired-end reads were generated.
Detection, annotation, and quantification of circRNAs RNA sequencing (RNA-Seq) data were analyzed using CircRNAs Identifier (CIRI), an algorithm for de novo circRNA identification (18) . All alignment records in SAM file were generated by BWA-MEM40 and then analyzed by CIRI for searching the potential back-spliced junction reads that are made up of two segments that align to the reference genome in chiastic order. Junction reads and circRNA candidates in SAM files were scanned twice by CIRI. Finally, the identified circRNAs are output with annotation information.
Quantitative real-time PCR validation
The first strand of cDNA was synthesized by Moloney murine leukemia virus reverse transcriptase (Promega, Southampton, UK). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed using an iCycler iQ system (Bio-Rad, CA, USA) as described previously (19) . The primer sequences were designed in the laboratory and synthesized by Generay Biotech (Generay, Shanghai, China) based on the mRNA sequences obtained from the National Center for Biotechnology Information database ( Table 2 ). BLAST was used to verify the specificity of the PCR primers. Melting curve analysis was performed to validate the specific generation of the expected PCR product. The expression levels of circRNAs were normalized to ACTB and were calculated using the 2 −ΔΔCt method.
GO and KEGG pathway enrichment analyses
Each circRNA was first annotated to linear host mRNA according to their position relationship on the chromosome. Then, using the linear host mRNA as the proxy of its related circRNAs, the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were applied to investigate the potential functions of differentially expressed circRNAs. GO analysis was applied to annotate the genes with terms under biological process (BP), cellular component (CC), and molecular function (MF) (http://www.geneontology.org). KEGG pathway analysis was performed to explore the significant pathways of the differentially expressed genes (http://www.genome.jp/kegg/).
circRNA-miRNA co-expression network
We constructed a circRNA-miRNA network to reveal the interactions between circRNAs and miRNAs in AF pathogenesis. miRNA-targeted circRNAs were predicted through the miRanda software. Then, the interaction network was built and visually displayed using the Cytoscape software based on the screening of circRNA-miRNA gene pairs. A diamond node represents circRNA, and a circle node represents miRNA. Red and green colors represent up-and down-regulation, respectively. The significant nodes in a core position of the regulated network are potentially more associated with AF.
Statistical analysis
Data are presented as mean±standard error of the mean or n (%), unless otherwise indicated. Student's t-test was used for analyzing two-group differences. DESeq package (version 1.18.0) of R language was used to determine the differential expression of circRNAs (20) . |log2 Fold Change| >1.0 and p<0.05 were considered to indicate a statistically significant difference on sequence analysis.
Results

Expression profile of circRNAs
The genes with |log2 Fold Change| >1.0 and p<0.05 were considered to be up-regulated, and those with |log2 Fold Change| <−1.0 and p<0.05 were considered to be down-regulated. A total of 108 circRNAs were detected to be differentially expressed. Among them, 51 circRNAs were up-regulated, and 57 circRNAs were down-regulated in AF tissues compared with controls, respectively, of which the top 40 differently expressed circRNAs were listed in Table 3 . Differentially expressed circRNAs with statistical significance between the two groups were identified using a volcano plot filtering (Fig. 1) .
Validation of differentially expressed circRNAs
Six circRNAs (circRNA_20118, circRNA_17558, circRNA_16688, circRNA_11109, circRNA_11017, and circRNA_11058) were randomly selected for qRT-PCR validation and Sanger sequencing to validate the reliability of the sequencing results. As expected, the expression of the first three circRNAs was up-regulated, and the last three circRNAs were down-regulated in the AF samples versus control samples (Fig. 2) , consistent with the sequencing results. Furthermore, the sequence of the circRNAs was identified by Sanger sequencing results (data not shown). 
GO and KEGG pathway analyses
We conducted the GO and KEGG pathway analyses to predict the potential functions of circRNAs. The predicted functional terms with p-value <0.05 were selected and ranked by enrichment score [−log10 (p-value)]. The top 10 generally changed GO terms in all comparison groups were classified by BP, CC, and MF (Fig. 3) . We found that the most significantly enriched BP term was muscle contraction (GO: 0006936). The most significantly enriched CC term was muscle myosin complex (GO: 0005859). The most significantly enriched MF term was muscle alpha-actinin binding (GO: 0051371). The pathway analysis indicated that five pathways might be involved in AF pathogenesis (Fig. 4) . The most significantly involved pathways were dilated cardiomyopathy (DCM) (path: hsa05414) and hypertrophic cardiomyopathy (HCM) (path: hsa05410).
Construction of the circRNA-miRNA network
We subsequently constructed a circRNA-miRNA network (Fig. 5 ) based on the sequencing results. In the network, a diamond node represents circRNA, and a circle node represents miRNA. There was a relatively intensive relationship; circRNA19591, circRNA19596, and circRNA16175 interacted with 36, 28, and 18 miRNAs, respectively; miR-29b-1-5p and miR-29b-2-5p were related to 12 down-regulated circRNAs, respectively (Table 4) .
Discussion
AF is a heterogeneous disease, and its incidence is influenced by epidemiological factors and genetic predisposition (21) . Despite the broad exploration of pathogeny in AF, (22) (23) (24) (25) (26) (27) its cellular and biological mechanisms remain largely unknown. At present, PV isolation with cryoballoon and radiofrequency ablation is effective in the therapy of AF initiated by premature atrial contractions originated from PV and distribution of the muscle fascicle within the PV antrum. However, optimal clinical treatment for non-PV-related AF due to elusive pathogenesis is still lacking, such as AF in rheumatic heart disease.
circRNAs, a recently discovered new form of RNA, have been found to regulate transcription, which expanded our knowledge in understanding the complexity of non-coding RNA. Emerging evidence uncovered that endogenous circRNAs might regulate miRNA function as miRNA sponges to inhibit miRNA activity and be involved in transcriptional control (28, 29) . circRNAs associated with related miRNAs or "circRNA-miRNA axes/network" are involved in multiple physiological and pathological processes, including the development of cardiovascular diseases (30) (31) (32) (33) (34) . For example, heart-related circRNA acts as an endogenous miR-223 sponge to modulate the expression of miR-223 and apoptosis repressor with CARD domain, through which it regulates cardiomyocyte hypertrophy and heart failure (22, 23) . In addition, Cdr1as, one of the circRNAs, plays proapoptotic roles during the development of myocardial infarction via function as miR-7 sponges (35). Moreover, circRNA circ-Foxo3 can promote cardiac senescence (34) . However, to our knowledge, circRNA-miRNA axes/network in AF has not yet been reported. In the present study, we investigated that circRNA expression profiles are significantly different between patients with AF and no AF. Fifty-one up-regulated and fifty-seven down-regulated circRNAs were significantly differentially expressed in patients with AF. We also predicted the potential functions of significant differential circRNAs using the GO and KEGG pathway analyses in patients with AF. GO analysis revealed that the main BPs are correlated with the structure or function of muscle contraction, such as cytoskeleton of cardiomyocytes. Interestingly, KEGG pathway analysis also indicates that there is molecular crosstalk between AF and cardiomyopathy, especially DCM and HCM, which may reveal that these three groups of patients possibly share a common circRNA-target network.
Moreover, according to the KEGG enrichment scores, signaling pathway regulating pluripotency of stem cells was detected, which indicated that circRNAs may contribute to the homeostatic mechanisms of AF. Furthermore, we investigated the possible circRNA-miRNA axes/network in AF. A network of significantly dysregulated circRNAs with their adjacent miRNA was delineated based on the binding capacity of circRNAs on miRNAs, which might provide a new clue for elucidating the underlying mechanism of AF. Figure 5 shows that the 36, 28, and 18 nearby miRNAs corresponding to circRNA19591, circRNA19596, and circRNA16175, respectively, were identified, and these three circRNAs were all down-regulated and might be relatively potential regulators of gene expressions by interacting with the corresponding endogenous miRNAs in AF. In addition, accumulating studies have demonstrated a functional role for miRNAs in the pathophysiology of AF (36, 37) . Among them, miR-29 is considered to be a biomarker and/or therapeutic target of AF due to the contribution to atrial fibrotic remodeling (38) . Intriguingly, for the first time, our network displayed that miR-29b-1-5p and miR-29b- 
Study limitations
Our study had a limited number of patients analyzed. Moreover, we just preliminarily investigated the expression profile of circRNAs in AF, and functional protein structures, protein-protein interactions, and detailed molecular pathways in the AF process should be further explored.
Conclusion
The incidence of AF is increasing. The curative effect of non-PV-related AF may not be desirable due to its unclear mecha- nism. We gain a landscape of circRNA expression and constructed a circRNA-miRNA network that might be associated with the development of AF. These results suggest that specific circRNAs could be valuable for AF therapy due to rheumatic heart disease. These studies might enrich our understanding of the pathogenesis of AF and enable further research on the pathogenesis of AF.
